Abstract Undifferentiated (anaplastic) thyroid carcinoma is a highly aggressive human cancer with very poor prognosis. Although there have been a few studies of candidate treatments, the fact that it is an infrequent tumor makes it very difficult to design clinical trials. A strong association has been observed between undifferentiated thyroid carcinoma and TP53 mutations in numerous molecular genetic and expression studies. Plitidepsin (Aplidin, PharmaMar, Madrid, Spain) is a novel anticancer compound obtained from a sea tunicate.This compound has been reported to induce apoptosis independently of TP53 status.We investigated the actions of plitidepsin in human thyroid cancer cells. In initial experiments using primary cultured cells from a differentiated (papillary) carcinoma, we found that100 nmol/L plitidepsin induced apoptosis, whereas lower doses were cytostatic. Because our aim was to study the effects of plitidepsin at clinically relevant concentrations, subsequent experiments were done with a dosage regimen reflecting plasma concentrations observed in previously reported clinical trials: 100 nmol/L for 4 hours, followed by 10 nmol/L for 20 hours (4 100 /20 10 plitidepsin). This plitidepsin dosage regimen blocked the proliferation of a primary undifferentiated/anaplastic thyroid carcinoma culture obtained in our laboratory and of a commercial cell line (8305C) obtained from an undifferentiated thyroid carcinoma; however, it did not induce apoptosis.The proportion of cells in the G 1 phase of the cell cycle was greatly increased and the proportionin the S/G 2 -M phases greatly reduced, suggesting that plitidepsin blocks G 1 -to-S transition. Levels of the cyclin D1/cyclin-dependent kinase 4/p21 complex proteins were decreased and, in line with this, the levels of unphosphorylated Rb1increased.The decrease in cell cycle proteins correlated with hypoacetylation of histone H3. Finally, we did experiments to assess how rapidly tumor cells return to their initial pretreatment proliferative behavior after 4 100 /20 10 plitidepsin treatment. Cells from undifferentiated tumors needed more than 3 days to recover logarithmic growth, and after 7 days, cell number was still significantly lower than in control cultures. 4 100 /20 10 plitidepsininhibited the growthin soft agar.Together, our data show that plitidepsin is able to block in vitro cell cycle progression at concentrations similar to serum concentrations observed in vivo, and that this effect is persistent for several days after plitidepsin removal.Whether plitidepsin will prove to be clinically useful in the treatment of undifferentiated thyroid cancers remains to be established. However, our results raise the possibility that plitidepsin might be effective alone or in combination with radiotherapy and/or other drug treatments.
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Undifferentiated (anaplastic) thyroid carcinoma is a highly aggressive malignant neoplasm typified by rapidly progressive local disease (ref. 1 and references therein). Almost all patients with undifferentiated thyroid carcinoma present with a rapidly expanding neck mass. Surrounding structures are frequently invaded, and cervical adenopathy is present in more than 40% of patients. At least 40% of patients have distant metastasis at time of diagnosis, in 50% involving the lungs, 15% the bones, and 10% the brain. Cardiac metastases have also been described. The overall 5-year survival ranges from 0% to 14%, and the mean survival is 2.5 to 6 months. (1 -6) . Undifferentiated thyroid carcinoma is considered a radioresistant tumor, but treatment in most clinics is based on radiotherapy plus chemotherapy, together with surgery when appropriate. Radical surgery alone does not improve survival. Patients with tumors that are amenable to complete surgical resection combined with preoperative or postoperative adjuvant doxorubicin-based chemotherapy and irradiation may have prolonged survival. Paclitaxel seems to have been effective in a few patients (7) . However, intensive chemotherapy has not been conclusively shown to improve survival. The very few cases in which chemotherapy was certainly useful had concomitant radical surgery, which is only possible in a small subset of patients who do not show regional dissemination of the tumor (1, 2, 8 -10) .
Fortunately, anaplastic thyroid carcinoma is a rare disease, with an annual incidence of only one or two cases in a million (1) . Unfortunately, this complicates the design of standardized clinical trials of candidate treatments; there is thus a clear need for reliable models for evaluation of new compounds. Xenografts in nude mice are an established model for many types of tumor: however, heterotopic s.c. xenografts are generally poor models versus homotopic xenografts because they lack the invasive and metastatic potential of the modeled tumor (11) (12) (13) (14) , whereas homotopic xenografts are problematic in the case of thyroid cancer because of difficult access. An alternative approach is to use human anaplastic cell lines, cultured under conditions reproducing local availability of hormones and factors, because undifferentiated thyroid carcinoma is generally a locally spreading tumor.
In recent years, there have been a few in vitro studies in undifferentiated thyroid carcinoma evaluating promising anticancer molecules useful for other tumors (15 -22) . Unfortunately, some of these studies have used in vitro doses of questionable clinical relevance, leading to conflicting results as in the case of imatinib mesylate (23 -25) . Plitidepsin (Aplidin) is a new anticancer agent obtained from a marine animal (see Supplementary Fig. 1 ; refs. 26, 27 ) that is currently under phase II clinical trials. In vitro, it has shown a very potent cytotoxic effect due to apoptosis in both leukemic cell lines and primary leukemia cultures (28 -31) . It has also been shown to have an apoptotic effect in mammary and renal carcinoma cell lines (32) . Our interest in plitidepsin as a possible treatment for undifferentiated thyroid carcinoma is based on the observation that its antitumoral action seems to be independent of the p53 tumor suppressor gene (TP53) status of the tumor cells studied (29) . TP53 mutations have been reported in 70% to 80% of undifferentiated thyroid carcinomas versus only 0% to 9% of well-differentiated (papillary and follicular) thyroid carcinomas (1, 33, 34) . Mutations in TP53 are recognized as late genetic events associated with dedifferentiation from a papillary carcinoma, and are one of the types of molecular change responsible for the highly aggressive course of undifferentiated/ anaplastic carcinomas (ref. 1 and references therein).
The aim of the present study was to carry out a detailed characterization of the effects of plitidepsin in human thyroid tumor cells from papillary thyroid carcinoma and from undifferentiated thyroid carcinoma. We used two spontaneously immortalized cultures obtained from surgery material, a papillary carcinoma (negative for TP53) and an anaplastic carcinoma (positive for TP53), as well as an established undifferentiated thyroid carcinoma cell line, 8305C, bearing a known TP53 mutation. Plitidepsin was used at doses that mimicked those previously reported to be effective in phase I/II clinical trials.
Material and Methods
Cell culture. The basic characteristics of the human thyroid cells used in this work are summarized in Table 1 and Fig. 1 . The previously described T-PC2 (35) was obtained from a thyroid papillary carcinoma surgery piece. These cells keep growing through repeated passages, are TP53 negative, enter into quiescence in deprived (serum-free) medium, and maintain a thyroid-differentiated phenotype (see percentage of thyroglobulin-positive cells). T-AC1 was obtained by washing in culture medium the needle of a diagnostic fine needle aspiration biopsy from a 59-year-old woman. The fine needle aspiration biopsy diagnosis was undifferentiated/anaplastic thyroid carcinoma confirmed by histologic exam after palliative surgery. The patient died some months later. In both cases, a histologic and immunohistochemical analysis of the primary tumor was done (Supplementary Methods). Neoplastic cells in both cases showed positivity for cytokeratins and negativity for calcitonin (data not shown). The papillary carcinoma was strongly positive for thyroglobulin but negative for TP53. The undifferentiated thyroid carcinoma was positive for TP53 and consistently negative for thyroglobulin.
In addition, we studied the 8305C thyroid anaplastic carcinoma cell line obtained from the European Collection of Animal Cell Cultures; this line was derived from a 67-year-old female patient (33) . A previous study has examined expression of some cell cycle -related genes in this cell line (36) : retinoblastoma (Rb1), antigen-presenting cells (APC), and moth cytochrome c (MMC) were normal, but a C-to-T transition was detected in TP53 gene codon 273. Loss of heterozygosity of tumor suppressor genes was not observed.
We routinely tested thyroglobulin expression in the cultured cells by a very sensitive immunofluorescence technique using HeLa cells as negative control (0% staining) and 4V ,6-diamidino-2-phenylindole to counterstain the nuclei (35) . T-PC2 showed near 100% positivity whereas both anaplastic cultures maintained a residual staining (around 20%) in line with their follicular origin.
Cells were cultured in a complete defined medium to maintain their phenotype as much as possible: Coon's modified Ham's F-12 medium supplemented with 5% NCS (Life Technologies, Inc.), 2 mmol/L glutamine, the five-hormone mixture 5H (1 mIU/mL thyroid-stimulating hormone, 10 ng/mL somatostatin, 10 Ag/mL insulin, 1 nmol/L hydrocortisone, and 5 Ag/mL transferrin), 100 IU/ mL penicillin, 100 Ag/mL streptomycin, and 2.5 ng/mL amphotericin B. All experiments were done in this complete medium, except the initial experiments described in , cells were treated in this way between day À1 and day 0; on day 0, plitidepsin was removed by washing thrice with PBS, and fresh plitidepsin-free medium was then added and changed every 2 days, or cells were seeded in soft agar. The HeLa and MCF-7 cell lines were cultured in DMEM plus 10% FCS.
Proliferation assays. Initial 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays were done as described (37) , but because 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide indicates cell activity and is only an indirect measure of cell number, we decided to count cells directly. In all experiments, cells were counted in a Neubauer cytometer chamber. An ELISA kit for detecting BrdUrd uptake (Biotrack kit, Pharmacia) was used after incubating the cells with 10 Amol/L BrdUrd for the last 4 hours of culture. Immunoblotting. Total extracts were obtained with lysis buffer as described (35) . Immunodetection was carried out with antibodies to p21Cip1, p27kip1, cyclin D1, cyclin-dependent kinase (cdk) 4, cyclin E, and cdk2 (Santa Cruz Biotechnology) at dilutions between 1:250 and 1:1,000, Rb1 (Becton Dickinson) at 1:200, h-actin at 1:2,000, and a-tubulin at 1:1,000 (Sigma). Acetylated histone H3 was detected using hot-SDS extracts (38) at 1:1,000 dilution (Cell Signaling). A kit with alkaline phosphatase -labeled secondary antibodies (Tropix, Bedford, MA) was used for detection.
Soft agar. 4 100 /20 10 plitidepsin was added on day À1. On day 0, plitidepsin was removed by washing thrice with PBS, and cells were trypsinized and counted. Cells at 50,000/35 mm well were seeded in 0.3% top agar (0.9% bottom agar) using the complete medium (see above). Every 4 days, 1 mL of fresh top agar was added. Fifteen days later, colonies bigger than four cells were counted.
Statistical analysis. All experiments were repeated at least thrice with four replicates when possible. Results were compared by a nonparametric Plitidepsin has two effects in human thyroid tumor cells, cytotoxic or cytostatic, depending on the dose used. A , dose-response experiment with 1, 10, or 100 nmol/L plitidepsin for 24 hours. An ELISA kit was used to detect BrdUrd uptake.Whereas1nmol/L plitidepsin had no effect, the higher doses induced a marked reduction in BrdUrd uptake, although in this experiment we could not assess whether cell numbers were affected. B, time-course experiment to assess apoptotic effects of 10 and 100 nmol/L plitidepsin. Plitidepsin at 100 nmol/L strongly induced apoptosis from the first day, and after 72 hours no cells could be seen. Plitidepsin at 10 nmol/L only weakly induced apoptosis, and a significant effect was seen only after 48 hours of treatment. C, plitidepsin at 100 nmol/L reduced the number of cells from the first day, in keeping with its apoptotic effect. Plitidepsin at 10 nmol/L allowed a slight increase in cell number on the first day, but subsequently stopped growth. D, flow cytometry results for a representative experiment with quiescent cells (0.5% NCS without 5H mixture, i.e., deprived medium) which were then restimulated to proliferate with the complete medium (5% NCS with 5H) in the absence or presence of plitidepsin. Quiescent control cells (0 hours) had more than 95% of cells in G 1 . Addition of complete medium allowed the recovery of normal proliferating percentages after 34 hours of culture. Plitidepsin at 1nmol/L was no different to controls and only a subset of time points were sampled. Plitidepsin at 10 nmol/L completely blocked entry into the cell cycle. Plitidepsin at100 nmol/L had a surprising effect, markedly increasing the percentage of S-phase cells after only 12 hours and at the same time driving the cells to apoptosis. E, percent apoptosis obtained in the restimulation experiments. Only 100 nmol/L plitidepsin induced apoptosis in human thyroid cells. *, P < 0.05; **, P < 0.01; ***, P < 0.001. t test. Significant differences were indicated by asterisks: *, P < 0.05; **, P < 0.01; and ***, P < 0.001.
Results
To evaluate the effects of plitidepsin in human thyroid carcinoma, we first cultured the papillary carcinoma T-PC2 line (35) in growth medium containing different concentrations of plitidepsin. We did not detect any significant effect of 1 nmol/L plitidepsin on cell growth over the first 24 hours, either in 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (results not shown) or BrdUrd uptake assay ( Fig. 2A) . However, higher plitidepsin doses (10 and 100 nm) caused significant declines in cell growth ( Fig. 2A) . Because plitidepsin has been reported to have a strong apoptotic effect in human cells, we evaluated apoptosis by Hoechst staining assay. Only 100 nmol/L plitidepsin strongly induced apoptosis, and after 72 hours, no cells could be seen (Fig. 2B) ; 10 nmol/L plitidepsin induced significant apoptosis only after 72 hours and only in a small proportion of cells (Fig. 2B) . Direct cell counting indicated that both 10 and 100 nmol/L plitidepsin significantly reduced the number of cells at 24, 48, and 72 hours (Fig. 2C) .
The main reported effect of plitidepsin in human leukemia cells is apoptosis induction, even with low doses of 1 to 10 nmol/L (28 -30, 39) . In epithelial cells, high doses of plitidepsin (100-500 nmol/L) have apoptotic effects (32, 40, 41) . To assess possible dose dependence in thyroid tumor cells, we did a dose-response experiment using synchronized cells that had been maintained for 2 days in deprived medium. More than 90% of these cells were in G 0 /G 1 phase (Fig. 2D ). Cells were then restimulated with complete medium alone or in the presence of different concentrations of plitidepsin. Control cells were slowly reentering the cell cycle so that by 34 hours after the start of the experiment, the cell-phase percentages were the same as before deprivation. Plitidepsin at 1 nmol/L had no effect on recovery after deprivation; 10 nmol/L plitidepsin completely blocked entry into the cell cycle but had no apoptotic effect; 100 nmol/L plitidepsin had a surprising effect, apparently accelerating incorporation into the cell cycle but driving the cells to apoptosis. Figure 2E shows the percentage of apoptotic cells in each treatment. Together with the other data shown in Fig. 2 , these results indicate that plitidepsin has a dual effect in thyroid follicular cancer cells: cytotoxic at high doses, cytostatic at low doses.
The previously reported phase II clinical trials have indicated that plitidepsin concentrations in plasma and blood depend on the duration of infusion. After infusion for 1 or 3 hours, plitidepsin concentration peaks at around 50 to 100 nmol/L, then after a few hours declines to 10 nmol/L; by contrast, after infusion for 24 hours, plitidepsin concentration remains above 10 nmol/L for more than 24 hours, but it is not known when it achieves the peak and what concentration it has (42). 6 Concentrations above 100 nmol/L were rarely seen and never for long. We wanted to test an effective concentration to compare with other studies in epithelial carcinoma cells where they used 100 to 500 nmol/L during 24 hours (32, 40, 41), but we had the aim of modeling real clinical conditions. Preliminary timedependent experiments with 100 nmol/L plitidepsin showed an apoptotic effect after 24-, 12-, and 8-hour exposure but not after only 4 hours of incubation ( Fig. 2 and data not shown) . For that, in the subsequent experiments, we used a combined dose of 100 nmol/L for 4 hours, followed by 10 nmol/L for 20 hours (henceforth 4 100 /20 10 plitidepsin). We used three cell lines: 10 plitidepsin. B, statistical comparisons for four independent experiments, indicating a very significant decline in the proportion of S-phase cells after plitidepsin treatment. C, the levels of G 1 cell cycle proteins, such as cyclin D1, cdk4, and p21Cip1, were decreased by 4 100 /20 10 plitidepsin. p27kip1levels were very low as expected because these are cycling cells, but even so, a reduction was observed after plitidepsin treatment. Cdk2 was also affected. Cyclin E levels were reduced inT-PC2 and T-AC1but unaffected in 8305C cells. The cytoskeleton proteins h-actin and a-tubulin were unaffected. Unphosphorylated Rb1was consistently increased in all tumors after plitidepsin whereas phosphorylated Rb1levels decreased. In theT-AC1culture, total Rb1levels were increased. As a control for phosphorylated Rb1, we used U2OS cells, which have a mutated Rb1 gene. D, histone H3 acetylation was abolished by 4 100 /20 10 plitidepsin in the three thyroid tumors. As a control, we used 3 mmol/L butyrate for 24 hours (B). *, P < 0.05; **, P < 0.01; ***, P < 0.001. 6 L. Lopez-Lazaro, personal communication. plitidepsin remains for some days after washing the drug. Cells were treated with plitidepsin from day À1to day 0, then washed thoroughly and left in complete medium over the following week. Cell numbers are shown forT-PC2 (A),T-AC1 (B), and 8305C (C). Insets, data are expressed on a semilogarithmic scale. D, the same treatment with plitidepsin from day À1to day 0 was applied, then cells were washed, trypsinized, and seeded in soft agar. Fifteen days later, colonies bigger than four cells were counted. Pictures of T-PC2 tumor that made big colonies in the agar (Â40). T-AC1grew poorly whereas 8305C presented many small colonies. In the three cases, the differences were very significant. *, P < 0.05; **, P < 0.01; *** P < 0.001. T-PC2, obtained in our laboratory from a primary culture of a papillary carcinoma (35) , as used in the initial experiments; T-AC1, obtained in our laboratory from an undifferentiated thyroid carcinoma (see Material and Methods), and bearing a TP53 mutation; and 8305C, a commercial cell line that was likewise obtained from an undifferentiated thyroid carcinoma and that has a TP53 mutation but otherwise normal cell cyclerelated genes (33, 36) . Figure 3A shows the marked effect of 4 100 / 20 10 plitidepsin on growth, with cell proliferation blocked in all three cultures. Figure 3B shows that 4 100 /20 10 plitidepsin had no apoptotic effect, although 100 nmol/L plitidepsin for 24 hours caused strong apoptosis. Figure 3C To further study the effects of 4 100 /20 10 plitidepsin on the cell cycle, we double labeled cells with AAD to determine stage in the cell cycle, and with BrdUrd to reveal the passage through S phase. Figure 4A shows the results of a representative doublelabeling experiment of this type. 4 100 /20 10 plitidepsin greatly reduced the number of cells that took up BrdUrd, with a peak in the lower left quadrant of the figure (i.e., low BrdUrd uptake, low AAD staining). Figure 4B shows that the number of cells that passed through the S phase (i.e., cells taking up BrdUrd) was markedly and significantly lower in the presence of 4 100 / 20 10 plitidepsin. These results again indicate that this treatment blocks the transition from G 1 to S phase. The S phase can be defined as the period between the last third of the AAD-defined G 1 peak and the first third of the AAD-defined G 2 -M peak; within this period, we will consider the first half as ''early S'' and the second half as ''late S.'' 4 100 /20 10 plitidepsin greatly reduced the proportion of BrdUrd-labeled cells in both early and late S phase, confirming blockage of the transition from G 1 to S phase, and ruling out a block in early S phase (see Supplementary Fig. 2) .
The transition from G 1 to S phase is regulated by a sequential activation of cyclin D1-cdk4 and cyclin E-cdk2 to obtain a fully phosphorylated Rb1 and initiate DNA synthesis. We studied these cell cycle -related proteins in lysates of the three tumors incubated with 4 100 /20 10 plitidepsin (Fig. 4C) . Levels of cyclin D1-cdk4, cdk2, and p21Cip1 were reduced to similar extents in the lysates of all three tumors. Some proteins were affected differently in the different tumors: p27kip1 levels were reduced by 4 100 /20 10 plitidepsin in all cultures, although this reduction appeared less marked in T-PC2 than in T-AC1 and 8305C; cyclin E levels were reduced by 4 100 /20 10 plitidepsin in T-PC2
and T-AC1, but were unaffected in 8305C. The levels of unphosphorylated Rb1 (the active form) were increased in all three tumors by 4 100 /20 10 plitidepsin, notably in T-AC1 in which even total Rb1 levels were increased. Cytoskeleton proteins such as h-actin and a-tubulin were not affected. Taken together, these results suggest that the proteins of which levels were most markedly and consistently reduced by 4 100 /20 10 plitidepsin were those involved in the transition from G 1 to S phase before the ''start'' point. There was a similar reduction in proteins promoting proliferation than in cell cycle inhibitors. Some anticancer drugs act through histone deacetylase inhibition, up/down-regulating the transcription of specific cell cycle proteins (reviewed in refs. 43 and 44), whereas others inhibit histone acetyltransferase, inducing a silencing state (45, 46) . We studied the levels of histone H3 acetylation after 4 100 /20 10 plitidepsin, using as a control 3 mmol/L sodium butyrate, a well-described histone deacetylase inhibitor. A low basal H3 acetylation status is the result of a histone deacetylase/histone acetyltransferase balance for any given gene that is being transcribed plus the hypoacetylated heterochromatin ( Fig. 4C ; ref. 47) . Whereas sodium butyrate induced hyperacetylation, plitidepsin induced a strong hypoacetylated H3 status, suggesting a transcriptional repressive state.
Finally, we did two experiments to assess the extent to which cells recover their initial pretreatment proliferative phenotype after 4 100 /20 10 plitidepsin treatment. First, small numbers of cells were seeded, allowed to attach for 24 hours, then treated with 4 100 /20 10 plitidepsin (day À1 to day 0); the plitidepsin was then removed by thorough washing and fresh medium was added. Cells were counted on several days over the subsequent week. For all three tumors, the total number of cells after 4 100 / 20 10 plitidepsin treatment and removal remained markedly and significantly lower than in the corresponding controls (i.e., cells not exposed to plitidepsin) for 5 days (Fig. 5A-C) . This result indicates that the effects of plitidepsin are persistent. On day 5, different patterns were observed for the different tumors: in the case of the T-PC2 papillary carcinoma culture, cell numbers remained significantly lower than in the corresponding control culture, but the difference was small; in the T-AC1 undifferentiated carcinoma culture, there was no significant difference with respect to the corresponding control; whereas in the 8305C undifferentiated carcinoma, cell numbers remained much lower than in the corresponding control. Tumor growth rates were analyzed by plotting these data as semilogarithmic curves (Fig. 5A-C, insets) . T-PC2 recovered exponential growth after the second day without plitidepsin, whereas the two undifferentiated tumors recovered exponential growth only after the third day. This result may have important implications for in vivo efficacy and may be related to the results of Gajate et al. (30) , who found that the apoptotic effect of plitidepsin was stronger in leukemic lymphocytes than in normal resting peripheral lymphocytes. Second, we tested the effect of 4 100 / 20 10 plitidepsin treatment to prevent anchorage-independent growth. After treatment, cells were seeded in soft agar in the complete medium. The number of colonies was counted after 15 days. Untreated cells presented some differences in their colonies after that time as T-PC2 showed very big colonies, T-AC1 showed low number of small colonies, and 8305C had a big number of small colonies. However, in the three tumors, plitidepsin was able to reduce very significantly the number of colonies.
Discussion
We have studied the effects of plitidepsin on human thyroid undifferentiated (anaplastic) tumor cells, one of them cultured directly from a fine needle aspiration biopsy. In these cultures, at doses similar to plasma concentrations observed in vivo in plitidepsin-treated patients, plitidepsin had a potent and stable cytostatic effect and did not induce apoptosis. Moreover, its effect was independent of the presence of a mutation in TP53.
We also studied a papillary carcinoma culture, T-PC2 (35), because it has been reported that differentiated thyroid carcinoma can transform into undifferentiated thyroid carcinoma. In fact, both our own primary undifferentiated culture (T-AC1) and the commercially available 8305C cell line showed a stable 20% of cells weakly positive for thyroglobulin when cultured with the thyroid-conditioned medium. It is known that undifferentiated thyroid carcinomas express thyroglobulin mRNA (48) , but in clinical routine immunohistochemistry, undifferentiated thyroid carcinomas are negative for thyroglobulin expression. The higher sensitivity of immunofluorescence versus immunohistochemistry could be the explanation for this percentage of positive cells in our cultures, while being very specific with a completely negative control of nonthyroid cells (see Material and Methods).
It has previously been reported that plitidepsin has a widespread apoptotic effect in tumor cells. The fact that we needed surprisingly long incubation times and high concentrations to achieve an apoptotic effect in our tumor cell cultures could be due to an intrinsic resistance to apoptosis of thyroid neoplastic cells. Conversely, it could be due to a particular sensitivity of leukemic cells to apoptosis induction by plitidepsin because plitidepsin showed marked apoptotic effects in these cells with very low doses (20 nmol/L) over short incubation times (29, 31) . In epithelial tumor cells, the apoptotic effects of plitidepsin have been explored with very high doses to investigate biochemical mechanisms, not with a view to assessing clinical efficacy (32, 40, 41) . Using the combined dose, we could see apoptosis in HeLa cells as previously described with bigger doses (41), but not in the breast carcinoma cells MCF-7, a caspase 3 -negative cell line.
Our observation that plitidepsin blocks anaplastic cells in the G 1 phase of the cell cycle, despite the TP53 mutation, is a particularly interesting finding. It is known that TP53 alterations confer resistance to chemotherapy-induced apoptosis, at least in many preclinical models (49) . However, the importance of apoptosis in chemotherapy in vivo has been questioned recently. It seems that in real tumors, the main pathway is cell cycle arrest, dependent on (e.g., doxorubicin) or independent of (e.g., paclitaxel) intact TP53 (50, 51) . In the present study, plitidepsin completely blocked S phase of the cell cycle and led to an accumulation of cells in G 1 . In line with this, cyclin D1, cdk4, and p21 protein levels were markedly reduced. We cannot rule out the possibility of the effects on these proteins being consequences of arrest, not causal. However, because cyclin E levels remained unchanged in one tumor, and the levels of p27 or cdk2 were also little affected, it seems that the effects are specific for G 1 regulatory proteins. To date, the only signal transduction pathway that has been implicated in the effects of plitidepsin action is the protein kinase C-y/c-jun NH 2 -terminal kinase pathway (30, 32, 40, 41) . All these studies have investigated the apoptotic actions of plitidepsin, and the results cannot be directly extrapolated to cytostatic actions. However, it is interesting to speculate a possible involvement of this pathway because protein kinase C-y represses transcription from the cyclin D1 promoter (52) . Although initially p21Cip1 was considered a straightforward tumor suppressor, it has subsequently been established that it promotes the association and stability of cyclin D1-cdk4 complexes (53) . In fact, cyclin D1 binding prevents the degradation of p21Cip1 on the proteasome (54) , and the oncogene Ras promotes the accumulation of the complex cyclin D1/p21Cip1. It would be very interesting if plitidepsin proved to counteract the effects of Ras, decreasing cyclin D1 (and consequently p21Cip1 and cdk4), because the most frequent mutations found in aggressive papillary carcinomas are in genes of the Ras/Raf-B pathway (55) . In any case, we found that after plitidepsin treatment, Rb1 appears in its unphosphorylated/active state and the cell cycle stops. No mutations of Rb1 have been reported in undifferentiated/anaplastic thyroid tumors. The hypoacetylated H3 levels following plitidepsin could be a direct effect activating histone deacetylases/inhibiting histone acetyltransferases or could be a result of the G 1 -S phase arrest. Two other natural anticancer drugs (curcumin and garcinol) directly inhibit histone acetyltransferase activity in cultured cells (45, 46) . Histone acetyltransferase -related chromosomal translocations are a recurrent finding in acute leukemias (56, 57) . At very low doses, plitidepsin had a strong apoptotic effect in leukemias. It would be interesting to investigate a histone acetyltransferase inhibitory action in responsive leukemias or carcinomas.
In accordance with the data from human leukemia cells, we found that plitidepsin effects were prolonged even after removing the drug and thoroughly washing the plate: even 1 week after plitidepsin, cell number remained significantly lower than in untreated cells, despite the fact that the controls were reaching a confluent state and slowing their growth. After plitidepsin removal, the undifferentiated tumor cultures required 3 days to reattain logarithmic growth, versus only 2 days for the papillary tumor culture.
The fact that the main action of plitidepsin was to block the cell cycle and thus synchronize the cells suggests that it may be useful to combine plitidepsin with other therapies that destroy cells when DNA is being synthesized, such as radiotherapy or other chemotherapies.
Finally, in the present study, we have used an in vitro plitidepsin dosage regimen (100 nmol/L for 4 hours, 10 nmol/ L for 20 hours) roughly corresponding to the plasma concentrations observed in vivo in phase I/II clinical trials (42) . In these clinical trials, however, the length of the plitidepsin infusion period has varied (1, 3, or 24 hours), and for this and other reasons, extrapolation of our in vitro findings to the in vivo situation can only be tentative. If plitidepsin is indeed effective in vivo, it may be necessary to adapt dosage regimens depending on the particular type of tumor (e.g., leukemia versus solid tumors).
